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Abstract 
 
In space, there are several types of radiation, including solar radiation and galactic 
cosmic radiation (GCR), that can be harmful to both living beings and machines.  The current 
radiation shielding available on spacecraft is insufficient to protect astronauts and sensitive 
equipment for long-duration space flight or extraterrestrial habitation, and terrestrial shielding 
techniques are too heavy to be practical for spacecraft.  The use of polymers, specifically 
hydrogen-rich, aromatic polyimides, as radiation shielding provides a method of slowing 
radiation in space and preventing the damaging cascade of radiation that results from its collision 
with spacecraft.  This research focuses on the development of novel aromatic-ether dianhydrides 
for use in polymerization with similarly structured diamines to produce hydrogen-rich 
polyimides for use as radiation shielding. 
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I. Introduction 
A. The Problem of Radiation 
One of the greatest hazards to the extended 
stay of humans and equipment beyond Earth’s orbit is 
radiation.  The surface of the Earth is relatively well 
shielded from extra-planetary radiation by the Van 
Allen radiation belts (Figure 1) and the thick layers 
of the atmosphere.  Beyond the Van Allen belts, 
however, there is very little protection from the particles 
and waves of radiation emitted by the sun and extra-solar events.  Any manned mission to Mars 
or an asteroid, lunar settlement, or missions of or exceeding the length of SkyLab 4 (87 days in 
Low Earth Orbit) would receive high levels of radiation, which could cause physical damage, or 
in extended periods, become lethal.  Therefore, in order to continue manned missions into space, 
adequate radiation shielding is necessary to protect vulnerable electronics, and more importantly, 
the human lives already at risk in these exploratory missions  
The danger from radiation takes many forms, and comes both from the Sun and as 
Galactic Cosmic Radiation (GCR) from beyond the solar system.  One form is high energy 
electromagnetic waves, such as X-rays and gamma rays, while the majority of “cosmic rays” are 
in fact not rays at all, but atomic nuclei accelerated to very high speeds. When GCR, 
electromagnetic radiation, and other radiation particles smash into the aluminum (the current 
radiation shielding material) and structural metal alloys of the spacecraft, they create a cascade 
of particle collisions that, in the relatively small thickness of the spacecraft, simply results in a 
much larger number of radiation particles.  The traditional solution to radiation shielding is 
erecting thick layers of lead and concrete, which eventually block harmful radiation.  However, a 
Figure 1 – Van Allen Radiation Belts 
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spacecraft covered in lead and concrete would be too heavy to take off, so more innovative 
methods are required to provide shielding. 
 
B. Types of Radiation 
A spacecraft will experience both particle and electromagnetic radiation in deep space, 
the fluxes of which are inversely correlated due to their respective sources and properties. 
 
1. Galactic Cosmic Radiation (GCR) 
The primary particle radiation experience in space is known 
as galactic cosmic radiation (GCR) since it is believed to originate 
from outside the solar system.  Recent evidence from the Fermi 
Large Area Telescope suggests that GCR originates from supernova 
remnants within the galaxy1.  The particle content of GCR consists 
of the bare nuclei of atoms, a small fraction of which have been 
accelerated to sub-light speeds (energy range of 102 MeV – 1014 
MeV), with hydrogen (protons) and helium (α-particles) comprising the bulk (96%) of the 
particle flux.  Significant contributions are also observed from electrons (3%) and elements with 
3 ≤ Z ≤ 28 (1%), particularly Li, B, C, N, O, Ne, Mg, Si, and Fe2.  The exact intensity of these 
particles is dependent upon the 11-year solar weather cycle, with the greater solar particle flux 
produced during times of high solar activity deflecting a large portion of incident GCR.  
However, the solar radiation itself can pose a problem, in the form of Solar Particle Events 
(SPE).  In solar particles events, the sun will emit high velocity protons, alpha particles, and 
electrons, typically as a result of coronal mass ejections from solar flares.  The concern over 
these particles is two-fold: direct damage done by the collision of these high energy particles 
Figure 2 – DNA Damage from 
Radiation 
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with human tissue or electronic equipment (Figure 2), and the energy imparted by these particles 
as they collide with and fragment the higher Z particles present in structural elements, resulting 
in a cascade of radiation particles (Figure 3).  Those particles which have sufficient energy to 
penetrate the hull of a spacecraft, or impart sufficient energy for secondary fragments to do so, 
are the most dangerous to crew and equipment, and thus are the primary focus of this research.  
Blocking this radiation will rely primarily on Coulombic effects. 
 
2. Secondary Neutrons 
The half-life of free neutrons is approximately 10 minutes, so they are typically not found 
in interplanetary space.  Neutrons produced by external sources can be treated as GCR due to 
their decomposition products (n →p + e- +  ).  However, neutrons produced from GCR 
collisions and fragmentations in the spacecraft can be hazardous to personnel and equipment as 
not all neutrons will decay before doing damage, due to the short distances that need to be 
traversed.  Neutrons can be very difficult to capture, as they are not influenced by 
electromagnetic fields.  Instead, they must be bound by the strong force when they enter the 
nucleus of an atom.  Certain elements, such as boron and gadolinium, are particularly effective, 
having a large “neutron capture radius.”  The incorporation of these elements as nanoparticles 
into the shielding helps to reduce secondary neutron flux. 
 
3. Electromagnetic Radiation 
High energy electromagnetic radiation (x-rays 
and gamma rays) can have effects similar to particle 
radiation, in that both are forms of ionizing radiation, 
and so also presents a threat.  The sun emits x-rays, but 
x-rays and gamma-rays also have extra-solar origins.  
Figure 3 – Secondary radiation cascade 
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The deceleration of charged particles in GCR by external magnetic fields results in the emission 
of x-rays and gamma-rays at a variety of energies, up to 10TeV.  These rays can then interact 
with the materials in spacecraft in several ways.  Photoionization is the least energetically 
demanding among these, wherein an atom absorbs a photon.  The excited atom ejects an electron 
with a kinetic energy equal to the difference between the photon’s energy and the binding energy 
of the electron.  If the ejected electron is a core-shell electron, a valence electron may fall into 
the electron hole in an Auger process and release energy equal to the difference in binding 
energies.  Photoionization processes dominate for lower energy photon interactions with high Z 
elements.  Similarly, an atom may undergo Compton scattering, in which a photon is deflected 
by the atom.  The photon imparts some energy to the atom in deflection, resulting in 
photoionization.  When the energy of the photon is higher than the rest energies of an electron 
and a positron, an incident photon may produce an electron-positron pair, which will eventually 
result in annihilation of the positron.  This process dominates for high energy photons.  EM 
radiation is dealt with in a similar fashion as in terrestrial shielding – high Z elements are utilized 
to absorb the energy of the incoming rays. 
C. Solution Framework 
Protection from EM and neutron radiation may be accomplished by dispersing 
nanoparticles or thin films of heavy elements or boron (especially for neutron absorption) in the 
shielding framework.  This work seeks to develop upon the strategy for blocking the charged 
particle radiation of GCR.  Since these particles are charged, they are subject to Coulombic 
forces.  In a passive shield, the Coulombic force is supplied by the charged particles within an 
atom.  By this constraint alone, shields would be designed around high density materials, so as to 
present as many highly charged particles as possible along a given path.  However, spacecraft 
5 
 
require another design constraint: weight.  While dense materials like lead are suitable for 
terrestrial applications, they are too heavy to be incorporated on spacecraft that are launched 
from Earth.  An effective shield must maximize the parameter of shielding per unit mass.   
Based on this principle, hydrogen is the most efficient shielding element, as all of its 
mass is taken up by charged particles (no neutrons).  Thus this work seeks to maximize the 
hydrogen content of the shielding material.  Organic polymers are desirable as the framework 
upon which to situate the hydrogen because the carbon and oxygen backbone is lightweight.  
From this it would be logical to infer that polypropylene would be the most efficient polymeric 
shielding material (with pure H2 as the most efficient – albeit impractical – material per unit 
mass), and from the standpoint of pure materials this would be correct.  However, polypropylene 
is soft and flexible, and degrades easily at high temperature, so it could not be incorporated into 
structural components.  This is disadvantageous, as ultimately, the goal is to minimize the weight 
of the spacecraft as a whole, not just the shielding.  Aromatic polyimides were chosen as the 
basic polymer system because they are stable at elevated temperatures and have high glass 
transition temperatures (Tg), the temperature at which a polymer transitions into a rubbery, 
flowing state.  As such, they can be incorporated into structural elements and serve double duty 
as both shielding and support3.  So while some hydrogen content is sacrificed for strength, the 
weight that is saved by this dual functionality allows for more polymer material to be added as 
shielding while reducing overall weight.  
In summary, the goal of this work is to develop lightweight polymeric materials that have 
a high hydrogen content, for the purposes of shielding against radiation in space, as well as have 
the thermal and mechanical properties required for use in structural elements, insulation, and 
other components of the spacecraft, as this reduces the overall weight of the payload that must be 
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launched into space.  Aromatic polyimides with pendant alkyl chains and alkyl bridges have 
been selected for their ability to meet these criteria.  The synthesis of these polymers requires the 
use of diamines and dianhydrides.  While many hydrogen-rich diamines are available, 
commercially available dianhydrides are generally hydrogen-poor.  This works covers the 
synthesis of three novel, hydrogen-rich dianhydrides as well as the production of novel 
polyimides based on these dianhydrides towards the goal of developing efficient polymeric 
radiation-shielding materials for spacecraft.   
II. Initial Research and Methods 
A. Monomer Synthesis 
1. Bisphenol Synthesis 
The base unit for all synthetic dianhydrides employed in this 
work is a bisphenol.  In general, the two phenol groups are bridged 
by an alkyl or alkyl/aromatic hydrocarbon chain (Figure 4), which 
increases the hydrogen content of the molecule.  The phenol groups are also typically substituted 
with alkyl chains.  So far, only methyl substituted phenol groups have been successfully utilized.  
Several of the bisphenols used in this work are available commercially, but one was synthesized, 
based on previous research, in order to increase hydrogen content.   
A scheme for bisphenol synthesis involves the condensation of two phenols with a ketone 
under acidic conditions4.  This method relies on the electrophilicity of the transiently protonated 
ketone and the resonant nucleophilicity of the para position on the phenol.  This first substitution 
results in the addition of the phenol to the carbonyl carbon and the loss of water.  This position is 
then vulnerable to a second substitution by another phenol, resulting in the final bisphenol 
structure (Figure 5).    
Figure 4 – BPA, a model for the 
bisphenol system 
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2. Dianhydride Synthesis 
Several methodologies for synthesizing aromatic dianhydrides were attempted, based on 
literature sources, before arriving at a working synthesis.  The first method attempted was also 
the simplest: a direct nucleophilic substitution reaction between the bisphenol and a substituted 
phthalic anhydride5 under basic conditions (Figure 6).  This procedure did not produce the 
desired product.  It is thought that the phthalic anhydride is not sufficiently electron withdrawing 
to promote the reaction with the bisphenols utilized.   
   
 
 
A second approach utilized an imide derivative of the phthalic anhydride in the hopes of 
increasing the electron withdrawing power of group.  After the initial substitution, the imide 
would then be hydrolyzed to produce the tetra-acid compound, which could then be dehydrated 
Figure 5 – The acid catalyzed synthesis of bisphenol A 
Figure 6 – Proposed direct synthesis of UDA 
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into the dianhydride6(Figure 7).  This substitution also failed to produce the desired product, 
presumably due to similar issues. 
 
 
 
The synthesis utilized herein is adapted from a synthesis similar to the imide method, but 
utilizing 4-nitropthalonitrile as the electrophile7 (Figure 8).  It uses similar conditions to form the 
tetra-acid and dianhydride compounds.  Bisphenol A (BPA) was used as a test compound for 
evaluating the syntheses, as the dianhydride product (BPADA) is a commercially available 
compound that can be purified and used as a benchmark for analytical procedures.  A direct 
replication of the 4-nitrophalonitrile synthesis did yield the tetracyano intermediate, but was not 
yet optimized, and did not yield the dianhydride. However, it was successfully modified to 
complete the synthesis (Figure 9).  These modifications are discussed later.  
 
 
Figure 7 – Proposed imide synthesis of UDA 
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B.  Polymer Synthesis 
All polyimides produced from these dianhydrides are binary – a single dianhydride is 
combined with a single diamine in equimolar quantities.  Having equimolar quantities is essential 
to high molecular weight, as the molecular weight of the polymer is given by the extended 
Carothers equation8	 = 	
	

	
	
, where r is the molar ratio of the reactants	

, and p is the 
extent of reaction, given by	

, where N0 is the number of molecules of some type initially and 
Figure 8 – Proposed cyano synthesis of UDA 
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Figure 9 – Final cyano synthesis of UDA, generalized to other bisphenols. 
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N is the number of molecules of that type remaining after time t.  Here, A and B represent the 
two types of monomers reacting to form the polymer (dianhydrides and diamines in the case of 
polyimides), while NA and NB are the moles of these compounds initially added to the reaction 
mixture.  B is generally assigned to whichever monomer is present in excess, and A is assigned 
to the limiting reagent.  p is fundamentally a time-dependent parameter, while r is dependent 
upon initial conditions (amounts of each compound added).  In cases where one monomer is in 
excess, the molecular weight of the polymer is limited by the ratio of the reactants.  If the 
reactants are equimolar, then r = 1, and the molecular weight becomes solely dependent upon the 
reaction time.  Typical times to completion are on the order of hours to days. 
The reaction of these two monomers produces a polymer chain known as a poly(amic 
acid), since each junction contains an amide connection as well as a free carboxylic acid.  This 
poly(amic acid) is then imidized to produce the polyimide9.  The imidization process can be 
thermal or chemical, but in each case results in the loss of water at each junction as the acid 
reacts with the amide.  In this study, most polymers were prepared as films by forming small 
amounts of poly(amic acid) solutions, casting onto glass plates at a set thickness, and heating, 
both to remove the solvent (low temperature) and thermally imidize the polymer (high 
temperature) (Figure 10).  
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C. Polyimide Properties 
Aromatic polyimides were selected as the platform for the radiation shielding due to their 
excellent mechanical and thermal properties.  As a class, high molecular weight aromatic 
polyimides have a high compressive strength, a high flexural strength (can bend without 
breaking), and are very tough (can withstand sharp blows without fracture).  They are also highly 
resistant to heat, in that their glass transition temperatures (Tg, when the polymer begins to 
exhibit rubbery or flow-like behavior) are generally above 200ºC, indicating that they will not 
deform due to heat below this temperature, and in that the 5% mass loss temperature (indicating 
decomposition) is generally above 400ºC.  Polyimides are also generally resistant to solvents, 
acids, bases, and flames. 
Figure 10 – Polyimide synthesis 
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This class of compounds also provides many variables that can be adjusted to produce 
polymers with specific characteristics.  Since the polyimide is composed of both the dianhydride 
and diamine units, each monomer type can be engineered separately, whether solely to increase 
hydrogen content or to balance another property, like optical clarity (achieved by fluorination).  
Of most concern with these polymers, however, is processability.  Solvent resistance and a high 
Tg can often be a barrier to processing the polymer into a usable form.  Unlike cross-linked 
polymers, however, polyimides can be solution or bulk processed under the right conditions.  
NMP and chloroform are still effective solvents against some polyimides, and solvent 
susceptibility can be tweaked by modifying the pendant groups on the polymer, by adding either 
polar or alkyl functionalities to one or both monomers.   
The glass transition temperature of a polymer is determined by a number of factors, but it 
is generally lower when a given polymer chain has more degrees of freedom.  These degrees of 
freedom can be internal (flexibility of the chain) or external (extent of intermolecular packing).  
The Tg can be tuned based on the structure of the monomers.  Increasing the number of ether and 
alkyl linkages in the chain will lower the Tg for easier processing, while sterically hindered 
linkages will increase the Tg.  Similarly, by including larger pendant groups, intermolecular 
packing can be disrupted, which will also affect the Tg.     
III. Experimental Methods 
A. Synthesis 
4,4′-isopropylidenediphenol  (BPA, 97%), 4,4′-methylenebis(2,6-di-tert-butylphenol) 
(98%), 2,2'-ethylidene-bis(4,6-di-tert-butylphenol) (99%), 4-tert-butylcyclohexanone (99%), 
potassium carbonate (99%), potassium hydroxide (85%), N,N-dimethylformamide (DMF, 
>99.9%), 4-chloronitrobenzene (99%), 1-methyl-2-pyrrolidinone (99%), 4,4′-
13 
 
Isopropylidenebis(2,6-dimethylphenol) (tetra-methyl BPA, 98%), tetrahydrofuran (THF, 99.9%), 
and acetic anhydride (Ac2O, 99.5%) were purchased from Sigma Aldrich and used as received. 
4-nitrophthalonitrile was purchased from TCI America (98%) and AK Scientific (99%) and used 
as received.  α,α'-Bis(4-hydroxy-3,5-dimethylphenyl)-1,4-diisopropylbenzene was purchased 
from TCI America and used as received.  Acetonitrile (>99%), chloroform (>99%), methanol 
(>99%), ethanol (95%), dimethyl sulfoxide (DMSO, >99%) and HCl were purchased from 
Fisher Scientific.  4,4′-(1,3-phenylenediisopropylidene)bisaniline (BAM, 98%) and 4,4′-
methylenebis(2,6-diethylaniline) (99%) were purchased from Sigma Aldrich and recrystallized 
from ethanol. 
1. Bisphenol Synthesis 
Most bisphenols utilized in this synthesis were obtained commercially.  However, one 
bisphenol was synthesized according to previous research10, in an attempt to incorporate tertiary-
butyl groups into the bisphenol (Figure 11). 
 
Figure 11 – TBD bisphenol 
 
 
 
 
 
 
 
 
Preparation of 4,4'-(4-tert-butylcyclohexane-1,1-diyl)bis(2,6-dimethylphenol) 
 
A mixture of 61.01mL of glacial acetic acid and 32.61mL of concentrated sulfuric acid 
was placed in an ice bath.  0.80mL of DMSO was added to this solution.  Under stirring, 183.24g 
(1.50mol) of 2,6-dimethylphenol dissolved in 46.27g of t-butylcyclohexanone (0.30mol) was 
added to the solution drop wise.  The solution was stirred for 90 minutes.  The solution was then 
poured onto 0.80L of water.  The precipitate was filtered and washed with water, then suspended 
HO OH
4,4'-(4-(tert-butyl)cyclohexane-1,1-diyl)bis(2,6-dimethylphenol)
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in a solution containing 0.40L of water and 3.32g of sodium acetate trihydrate.  This mixture was 
heated to 90°C and then cooled to room temperature.  The crude solid was filtered and dried.  It 
was then recrystallized in chlorobenzene, yielding 59.88g (52.4%).   
 
2. Tetracyano Intermediate Synthesis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                          
Three tetracyano compounds were successfully prepared in this synthesis (Figure 12).  
As the recrystallization significantly reduced the yield of the product and the omission of this 
intermediate recrystallization did not affect the purity of the final product, subsequent syntheses 
were performed without the intermediate recrystallization. 
Preparation of 4,4'-(((1,4-phenylenebis(propane-2,2-diyl))bis(2,6-dimethyl-4,1-
phenylene))bis(oxy))diphthalonitrile) (TMBPDA-TC) 
 
In a 1000mL flask, 50.000g (0.1242mol) of tetramethyl bisphenol P (TMBPP), 43.005g 
(0.2484mol) of 4-nitrophthalonitrile, and 51.490g (0.3726) of K2CO3 were combined in 400mL 
of DMF.  The mixture was stirred at 60ºC for 24 hours under nitrogen.  The reaction was then 
cooled to room temperature and poured onto 1400mL of water, precipitating a yellow solid that 
O O
N
NN
N
4,4'-(((4-(tert-butyl)cyclohexane-1,1-
diyl)bis(2,6-dimethyl-4,1-
phenylene))bis(oxy))diphthalonitrile
Figure 12 – Synthesized Tetracyano Intermediates 
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was filtered.  This solid was washed with methanol and water and dried at 100ºC.  The crude 
product was then recrystallized in acetonitrile, yielding 50.096g (0.07639mol, 61.5% yield). 
 
Preparation of 4,4'-((propane-2,2-diylbis(2,6-dimethyl-4,1-phenylene)) 
bis(oxy))diphthalonitrile (TMUDA-TC) 
 
 In a 500mL flask, 25.7503 (0.09066mol) of tetramethyl bisphenol A (TMBPA), 31.3945g 
(0.18133mol) of 4-nitrophthalonitrile, and 37.5918g (0.2720mol) of K2CO3 in 200mL of DMF.  
The mixture was stirred at 60ºC for 24 hours under nitrogen.  The reaction was then cooled to 
room temperature and poured onto 700mL of water, precipitating a yellow solid that was filtered.  
This solid was washed with methanol and water and dried at 100ºC, yielding 32.587g 
(0.0608mol, 67% yield). 
Preparation of 4,4'-(((4-(tert-butyl)cyclohexane-1,1-diyl)bis(2,6-dimethyl-4,1-
phenylene))bis(oxy))diphthalonitrile (TBDDA-TC) 
 
In a 500mL flask, 27.481 (0.0722mol) of TBD bisphenol, 25.000g (0.1444mol) of 4-
nitrophthalonitrile, and 29.935g (0.2166mol) of K2CO3 in 200mL of DMF.  The mixture was 
stirred at 60ºC for 24 hours under nitrogen.  The reaction was then cooled to room temperature 
and poured onto 700mL of water, precipitating a brown solid that was filtered.  This solid was 
washed with methanol and water and dried at 100ºC, yielding 41.898g (0.06626mol, 91.71% 
yield) of the crude product.  A small portion was recrystallized in acetonitrile for analysis. 
3. Dianhydride Synthesis 
Three dianhydrides were successfully prepared in this synthesis (Figure 13).  Two of 
these compounds were not purified beyond the recrystallization that is native to the procedure, 
but were utilized in polymer synthesis.  The third was purified by additional methods in small 
quantities. 
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Preparation of 5,5'-(((1,4-phenylenebis(propane-2,2-diyl))bis(2,6-dimethyl-4,1-
phenylene))bis(oxy))bis(isobenzofuran-1,3-dione) (TMBPDA) 
 
50.096g of the TMBPDA-TC intermediate was mixed with a solution containing 300mL 
H2O, 300mL EtOH, and 25.717g (0.4583mol) KOH.  This mixture was refluxed for 24 hours 
under nitrogen, forming a clear yellow solution.  The solution was then cooled to room 
temperature and filtered to remove insoluble impurities.  HCl was then added until the solution 
reached a pH = 1, which resulted in the precipitation of the tetra-acid as a white, viscous lump.  
This product was filtered off, washed thoroughly with water, and dried at 100ºC.  The product 
was then added to 300mL of Ac2O and refluxed under nitrogen for 24 hours.  The resulting 
solution was hot filtered to remove insoluble impurities and cooled slowly.  The white crystals 
that precipitated were filtered, washed with toluene, and dried at 100ºC under vacuum, yielding 
49.36g (0.07112mol, 93.1%). 
 
O O
O O
O
O O
O
5,5'-(((4-(tert-butyl)cyclohexane-1,1-diyl)bis(2,6-dimethyl-
4,1-phenylene))bis(oxy))bis(isobenzofuran-1,3-dione)
Figure 13 – Synthesized Dianhydrides 
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Preparation of 5,5'-((propane-2,2-diylbis(2,6-dimethyl-4,1-phenylene)) 
bis(oxy))bis(isobenzofuran-1,3-dione) (TMUDA) 
 
32.587g of the TMUDA-TC intermediate was mixed with a solution containing 200mL 
H2O, 200mL EtOH, and 20.47g (0.3648mol) KOH.  This mixture was refluxed for 24 hours 
under nitrogen, forming a clear yellow solution.  The solution was then cooled to room 
temperature and filtered to remove insoluble impurities.  HCl was then added until the solution 
reached a pH = 1, which resulted in the precipitation of the tetra-acid as a white, viscous lump.  
This product was filtered off, washed thoroughly with water, and dried at 100ºC.  The product 
was then added to 250mL of Ac2O and refluxed under nitrogen for 24 hours.  The resulting 
solution was hot filtered to remove insoluble impurities and cooled slowly.  The white crystals 
that precipitated were filtered, washed with toluene, and dried at 100ºC under vacuum, yielding 
26.96g (0.0467mol, 76.9%). 
 
 Preparation of 5,5'-(((4-(tert-butyl)cyclohexane-1,1-diyl)bis(2,6-dimethyl-4,1-
phenylene))bis(oxy))bis(isobenzofuran-1,3-dione) (TBDDA) 
 
41.898g of the TMBPDA-TC intermediate was mixed with a solution containing 300mL 
H2O, 300mL EtOH, and 22.31g (0.3972mol) KOH.  This mixture was refluxed for 24 hours 
under nitrogen, forming a dark brown solution.  The solution was then cooled to room 
temperature and filtered to remove insoluble impurities.  HCl was then added until the solution 
reached a pH = 1, which resulted in the precipitation of the tetra-acid as a brown, viscous lump.  
This product was filtered off, washed thoroughly with water, and dried at 100ºC.  The product 
was then added to 200mL of Ac2O and refluxed under nitrogen for 24 hours.  The resulting 
solution was hot filtered to remove insoluble impurities and cooled slowly.  Upon cooling, the 
solution formed a thick sludge.  This was then dried under vacuum at 150°C to produce the crude 
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product.  Portions of this product were recrystallized in hexanes (with a large solvent:solid ratio) 
to produce a light yellow solid. 
4. Polymer Synthesis 
Equimolar amounts of the dianhydride and the diamine to be polymerized were measured 
out (Table 1).  The diamine was dissolved in a minimal amount of NMP (typically 5mL) and 
stirred.  The dianhydride was mixed with sufficient NMP (typically 15ml) to dissolve it, such 
that the final solution after mixing with the diamine would be 10-15% wt. solids.  The diamine 
solution was cooled with ice and the dianhydride solution was added drop-wise to the diamine, 
followed by a final washing of the dianhydride container with 1mL of NMP.  The mixture was 
stirred for 24hours.  The poly(amic acid) solution that resulted was then drawn into films on 
glass plates with the use of a doctor blade, set at a thickness of 0.635mm.  The films were then 
cured and imidized in an oven progressively stepping up to 50°C, then to 100°C and holding for 
one hour, then to 200°C and holding for one hour, and finally to 300°C and holding for one hour 
before being cooled slowly to room temperature.  The resulting clear yellow-orange films were 
generally creasable up to a thickness of 0.07mm, and were analyzed by IR, DSC, and TGA. 
 Dianhydride 
Diamine TMBPDA TMUDA 
BAM TMBPDA-BAM 
Mass of dianhydride = 1.500g 
Mass of diamine = 0.7527g 
 
TMUDA-BAM 
Mass of dianhydride = 1.500g 
Mass of diamine = 0.8079g 
 
MDEA TMBPDA-MDEA 
Mass of dianhydride = 1.500g 
Mass of diamine = 0.6707g 
 
TMUDA-MDEA 
Mass of dianhydride = 1.500g 
Mass of diamine = 0.8974g 
 
BAP TMBPDA-BAP 
Mass of dianhydride = 1.500g 
Mass of diamine = 0.7527g 
 
TMUDA-BAP 
Mass of dianhydride = 1.500g 
Mass of diamine = 0.8079g 
 
  Table 1 – Monomer quantities utilized for polyimide syntheses 
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A large scale synthesis of TMBPDA-BAM was also performed, following the same 
methodology for poly(amic acid) formation as the smaller scale reactions using 63.600g of 
TMBPDA, 31.570g of BAM, and 800mL NMP.  This polymer was then imidized by a solution 
method.  Toluene was added until the solution was 15% by volume toluene (150mL).  The 
solution was then brought to a boil while attached to a Dean-Stark trap, removing water 
azeotropically.  When no more water was evolved, the toluene was removed by distillation, and 
the solution cooled to room temperature.  The solution was then poured slowly into an active 
blender containing water, so as to produce flakes of the polymer.  The flakes were then filtered, 
thoroughly washed with water, rinsed with cold methanol, and dried at 100ºC.  Such flakes can 
be pressed into dense blocks for radiation testing. 
B. Characterization 
1. Monomer characterization 
All monomeric molecules produced in this synthesis (bisphenol, tetracyano intermediate, 
dianhydride) were characterized by proton nuclear magnetic resonance (1H NMR), infrared 
spectroscopy (solid state FT-IR), and melt-temp techniques.  1H NMR was accomplished with a 
Varian 400 MHz multi-nuclear NMR instrument and deuterated chloroform as the solvent.  FT-
IR was accomplished using a DigiLab FTS 7000 series instrument and solid analytes pressed into 
a KBr pellet.  Melting point measurements were taking using a Laboratory Devices Mel-Temp 
instrument.  All non-bisphenol compounds were also characterized using combustion elemental 
analysis, performed by Galbraith Laboratories.  Single crystal x-ray diffraction was performed 
with a Bruker AXS Smart Apex three circle single crystal x-ray diffractometer.   
2. Polymer characterization 
Polymers were characterized via IR spectroscopy, elemental analysis, differential 
scanning calorimetry (DSC, for glass transition temperature), and thermogravimetric analysis 
(TGA, for thermal stability).  DSC measurements were made using a TA DSC Q20 instrument.  
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For polymer analysis, the DSC program consisted of a 5ºC/min ramp from 40ºC to 250ºC, a 
5ºC/min cooling cycle to 40ºC, and a 5ºC/min ramp to 250ºC.  This heat/cool/heat cycle helps to 
erase the previous thermal history of the polymer and standardize the conditions under which the 
glass transition temperature is obtained.  TGA measurements were made using a TA TGA Q500 
instrument.  The TGA cycle used for polymer analysis consisted of a 5ºC/min ramp from 25ºC to 
400ºC.  The temperatures at which 5% and 10% of the original mass were lost were recorded.  
 
IV. Results and Discussion 
A. Bisphenol Characterization 
The TBD bisphenol was a brown crystal. Yield = 52.4%; mp = 223-226°C.  IR analysis 
(KBr) showed absorptions at 3547cm-1(OH), 1488-1439 (aromatic C=C), 1315 (aromatic C=C). 
1H-NMR (DMSO): δ (ppm) = 6.84 (d, 2H), 6.68 (d, 2H), 2.60 (s, 2H), 2.47 (m, 5H), 2.07 (m, 
12H), 1.58 (s, 4H), 0.70 (s, 9H).  All NMR values agree with previously obtained spectra10. 
B. Tetracyano Intermediate Characterization 
The tetra-cyano precursor to TMBPDA was a white crystal. Yield = 61.5%; mp = 200º-
202ºC.  IR analysis (KBr) showed absorptions at 2232cm-1(C≡N), 1602-1385cm-1(aromatic 
C=C), and 1245cm-1(C-O-C).  Elemental analysis calculated for C44H38O2N4 (654.57g/mol): C, 
80.71%; H, 5.85%; N, 8.56%.  Found: C, 80.22%; H, 5.85%; N, 8.49%. 
The tetra-cyano precursor to TMUDA was a brown crystal.  Yield = 67%; mp = 196-
198ºC.  IR analysis (KBr) showed absorptions at 2227cm-1(C≡N), 1604-1425cm-1(aromatic 
C=C), and 1247cm-1(C-O-C). Elemental analysis calculated for C35H28O2N4 (536.62g/mol): C, 
78.34%, H, 5.26%; N, 10.44%. Found C, 78.36 %, H, 5.40 %; N, 10.64 %. 
 The tetra-cyano precursor to TBDDA was a brown crystal. mp = 226-229ºC. IR analysis 
(KBr) showed absorptions at 2231cm-1(C≡N), 1602-1395cm-1(aromatic C=C), and 1245cm-1(C-
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O-C).    Elemental analysis calculated for C42H40O2N4 (632.79g/mol): C, 79.72%, H, 6.37%; N, 
8.85%. Found C, 78.58 %, H, 6.46 %; N, 9.14 %. 
C. Dianhydride Characterization 
TMBPDA was a white crystal.  Total yield 57.26%.  mp = 203-204ºC. IR analysis (KBr) 
showed absorptions at 1854cm-1(asym. C=O), 1778cm-1(sym. C=O), 1617-1450cm-1 (aromatic 
C=C), and 1282cm-1(C-O-C).  1H NMR (CDCl3, ppm): δ = 7.94 (2H, d), δ = 7.39 (2H, d), δ = 
7.19 (6H, m), δ = 7.01 (4H, s), δ = 2.05 (12H, s), δ = 1.70 (12H, s).  Elemental analysis 
calculated for C44H38O8 (694.77g/mol): C, 76.06%; H, 5.51%.  Found C, 75.93%; H, 5.55%. 
 TMUDA was a white crystal.  Total yield = 51.57%; mp = 164-165°C ; IR analysis (KBr) 
showed absorptions at 1850cm-1(asym. C=O), 1772cm-1(sym. C=O), 1617-1445cm-1 (aromatic 
C=C), and 1280cm-1(C-O-C).  1H NMR (CDCl3, ppm): δ = 7.95 (2H,d), δ = 7.95 (2H,d) δ = 7.41 
(2H,d), δ = 7.23 (2H, s), δ = 7.02 (4H, s), δ = 2.15 (12H, s), δ = 1.72 (6H,s).  Elemental analysis 
calculated for C35H28O8 (576.59g/mol): C, 72.91%; H, 4.89%. Found: C, 72.27%; H, 4.63%. 
 TBDDA was a yellow powder.  Yield of pure product was low due to purification 
difficulties; mp = 205 – 206°C (after initial melt and cool cycle); IR analysis (KBr) showed 
absorptions at 1854cm-1(asym. C=O), 1781cm-1(sym. C=O), 1617-1479cm-1 (aromatic C=C), and 
1283cm-1(C-O-C). 1H NMR (CDCl3, ppm): δ = 7.95 (2H,d), δ = 7.36 (1H, m), δ = 7.26 (1H, s), δ 
= 7.13 (2H, d), δ = 6.96 (4H, s), δ = 2.20 (12H, s), δ = 2.05 (2H, t), δ = 1.92 (2H, t), δ = 1.55 
(2H, s), δ = 1.34 (1H, t), δ = 1.23 (2H, d), δ = 0.82 (9H, s). Elemental analysis calculated for 
C42H40O8 (672.77g/mol): C, 74.98%; H, 5.99%. Found: C, 74.45%; H, 6.34%. 
1. X-Ray Diffraction 
Crystals of TMBPDA were analyzed in a single crystal x-ray diffraction experiment.  The 
results confirmed the proposed structure (Figures 14-15) and demonstrated that clear crystals 
have a disordered solvent molecule (Ac2O) intercalated into the crystal structure to fill a void.  
22 
 
This solvent molecule is essential to XRD-quality crystals but can be removed by drying, as 
crystals that were dried thoroughly tended to crack and become opaque, unsuitable for XRD 
analysis but ready for elemental analysis/polymerization.  The crystal cell is of the monoclinic 
C2/c space group, with a = 24.9987Å, b = 8.0603Å, c = 20.3122Å, α = γ = 90º, and β = 
102.653º.  The unit cell contains 4 dianhydride molecules, with stacked anhydride rings.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14 –Structure of TMBPDA by XRD 
Figure 15 –Packed unit cell of TMBPDA by XRD 
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D. Polymer Characterization 
 Dianhydride 
Diamine TMBPDA TMUDA 
BAM TMBPDA-BAM 
Tg = 205°C  
Temp at 5% mass loss = 431°C 
Temp at 10% mass loss = 446ºC  
TMUDA-BAM 
Tg = 232°C 
Temp at 5% mass loss = 420°C 
Temp at 10% mass loss = 448°C  
MDEA TMBPDA-MDEA 
Tg = 218ºC 
Temp at 5% mass loss = 405°C 
Temp at 10% mass loss = 427°C  
TMUDA-MDEA 
Tg = 208°C 
Temp at 5% mass loss = 402°C 
Temp at 10% mass loss = 426°C  
BAP TMBPDA-BAP 
Tg = 199ºC 
Temp at 5% mass loss = 416ºC 
Temp at 10% mass loss = 432ºC  
TMUDA-BAP 
Tg = 188°C 
Temp at 5% mass loss = 377°C 
Temp at 10% mass loss = 409°C   
 
The polymers films were generally flexible and creasable (0.07mm thickness), indicating 
a high molecular weight. IR analysis showed absorptions characteristic of imides near 1778 
(asym. C=O), and bands at 1740-1673(sym. C=O) and 1424-1336 (C-N).  Each polymer also had 
a distinct Tg and decomposition profile (Table 2).  An example of the determination of the glass 
transition temperature by DSC is displayed in Figure 16.  The cyclic trace indicates that the 
sample was heated to 375ºC, cooled to 40ºC, and heated again to 375ºC, in order to remove the 
thermal history of the polymer.  The inflection point at 205ºC is taken as the Tg (Table 2).  An 
example of the mass-loss determinations by TGA is given in Figure 17.  The data show that the 
polymer has lost 5% of its mass by the time it reaches 405ºC, and 10% by 427ºC.   
The accuracy of the elemental analysis of the polymers was found to be highly dependent 
on the curing procedures.  Two different curing procedures, both with the sample in an air 
environment, were attempted, one long (11 hours) and the other short (5 hours).  In the case of 
the short process, full imidization still occurred, as evidenced by the IR spectrum, which showed 
no –OH peak (which would be present for the poly(amic acid).  For the TMBPDA-BAM 
polymer, the long cure polymer was found to be deficient in carbon, hydrogen, and nitrogen, and 
Table 2 – Polymer Thermal Properties 
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was dark and opaque.  The short cure polymer was clear and orange, and elemental analysis 
results agreed well with theoretical predictions.  This suggests that the polymer is undergoing a 
surface oxidation at the high temperature (300°C) used for imidization.  This phenomenon would 
not be encountered in larger batches, as a solution imidization would be used, which occurs at 
~180°C.  An air-free environment for the film imidization is more difficult to achieve.   
The nature of this oxidation is suspected to be on the alkyl groups attached the benzene 
rings.  The TMBPDA-MDEA polymer was found to be more susceptible to this type of damage, 
as the C, H, and N percentages were still low for the short cure polymer.   The MDEA diamine 
has ethyl groups attached to the benzene rings and has a methylene bridge, whereas the BAM 
diamine has methyl groups attached to the benzene rings and isopropylidene bridging groups.  
This comparison suggests that the alkyl chains on the benzene rings are at a greater risk for 
oxidation than the ones on bridging alkyl groups.  However, this increased susceptibility may 
Figure 16 –Sample Polymer DSC trace. 
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also be a result of the ethyl chains extending farther from the chain.  This could be investigated 
with monomers that have a diethyl bridging group.     
E. Other Attempted Dianhydride Syntheses 
Several other bisphenols were attempted as precursors to dianhydrides.  These included 
4,4'-methylenebis(2,6-di-tert-butylphenol) (MTB) and 6,6'-(ethane-1,1-diyl)bis(2,4-di-tert-
butylphenol) (ETB) (Figure 18). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17 –Sample Polymer TGA analysis. 
HO OH
4,4'-methylenebis(2,6-di-tert-butylphenol)
OH OH
6,6'-(ethane-1,1-diyl)bis(2,4-di-tert-butylphenol)
Figure 18 – Other attempted bisphenol cores, MTB and ETB. 
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Both of these bisphenols were subjected to the tetracyano intermediate synthesis 
procedure.  IR analysis of the intermediate for MTB showed broad –OH peaks at 3600cm-1 and 
very little –CN signal at 2230cm-1, and the compound was soluble in methanol.  This indicated 
that little substitution had occurred on the bisphenol.  It is clear that the steric bulk of the ortho t-
butyl groups prevented nucleophilic attack.  This situation could not be remedied by increasing 
the temperature or using more forcing (more basic) conditions.  The intermediate of ETB showed 
significant –CN signal near 2230cm-1, but also showed an –OH peak.  This was also confirmed 
by NMR, which indicated that about half of the phenols were substituted.  Again, this situation 
could not be remedied by increasing the temperature, adjusting the solvent system, or using a 
stronger base.  This result was surprising, since upon initial inspection the steric bulk around the 
ETB phenol is lower than the MTB phenol.  Additionally, having no reaction is inconsistent with 
spectroscopic results.  A single addition on one phenol was not thought to largely affect 
substitution at the other phenol, due to the conformational isomerism of the molecule about the 
alkyl bridge.  Molecular modeling calculations of the bisphenol, singly substituted, and doubly 
substituted compounds helped to elucidate the cause (Figure 19).  Models were generated in 
ChemDraw 3D and subjected to a force field MM2 energy minimization calculation.       
 
 
Figure 19 – Energy minimized forms of ETB bisphenol, singly substituted, and doubly substituted compounds. 
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The bisphenol and doubly substituted compound can be seen to adopt a conformation that 
removes steric hindrance from the bridging alkyl group and exposes the phenols sufficiently to 
allow reaction.  However, the energy minimum of the singly substituted compound places the 
unsubstituted phenol in plane with the bridging alky group, increasing the steric hindrance.  
Since a simultaneous double addition to the phenol is highly unlikely, this conformation provides 
a justification for the experimentally obtained results.  While the first substitution is sterically 
allowed, the conformation of the compound adjusts thereafter to disallow a second addition.  
F. Modifications to Literature Synthesis 
While Hsiao et al.7 provided the basis for the synthetic route utilized herein, a direct 
usage of this methodology with BPA produced the tetracyano intermediate but not the 
dianhydride (Figures 8 & 9).  This is believed to be due to the stoichiometry proposed in the 
hydrolysis (KOH, H2O, EtOH) step.  The literature reference uses 2 moles of KOH per mole of 
tetracyano compound.  However, based on the mechanism of base “catalyzed” hydrolysis of 
nitriles, it is clear that at least one molecule of KOH is required per nitrile group, or 4 moles of 
KOH per mole of tetracyano intermediate.  Thus, 6 moles of KOH were used per mole of 
tetracyano compound (excess), so that the reaction would go to completion and the carboxylate 
groups would remain deprotonated (the acid is insoluble in this solvent mixture and is 
precipitated after filtration).  The use of a Dean-Stark trap was also found to be unnecessary for 
the reaction, and the high temperatures damaging to some bisphenols.  Instead, all three initial 
reactants were heated together in DMF to 60ºC, reducing the time and energy requirements of 
the reaction.  The yield was unaffected.  The intermediate recrystallization was also found to be 
unnecessary, which was fortunate because the yield of this recrystallization was a limiting factor 
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in overall yield.  The filtration after hydrolysis and recrystallization from Ac2O was sufficient to 
produce high purity compounds.  
V. Conclusion 
Radiation in space remains a constant threat to any long-term, extraplanetary endeavors.  
It can cause damage to both biological and technological systems, endangering lives and mission 
integrity.  This work seeks to develop novel polymers that will shield against this radiation 
through the use of high hydrogen content monomers. 
In this synthesis, three aromatic ether dianhydrides with pendant alkyl groups were 
successfully synthesized, along with their tetracyano precursors.  One dianhydride was made via 
total synthesis, as the bisphenol core was also synthesized.  Two of these dianhydrides were 
purified in high enough yield to be polymerized, resulting in six new polymers. 
The six polymers prepared from these dianhydrides and three different diamines 
exhibited high glass transition temperatures (most >200°C) and high degradation temperatures 
(most >400°C), making them very suitable for use in aerospace applications.  The design of the 
dianhydride monomers increases the overall hydrogen content of the polymers, which should 
increase their effectiveness as radiation shields.  Table 3 gives the hydrogen contents of the 
recently synthesized polymers in comparison to commercially available aromatic polyimides 
(Kapton and UPILEX – R), the highest hydrogen content aromatic polyimide that can be 
synthesized with commercially available monomers (UDA-BAM), polyethylene, and 
polypropylene.  These data demonstrate the significant improvements in hydrogen content that 
can be made with synthetic, noncommercial dianhydrides. 
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Polymer Hydrogen Content (mol H/g polymer) 
Kapton 0.0262 
UPILEX – R 0.0305 
UDA – BAM 0.0531 
TMUDA – BAM 0.0587 
TMBPDA – BAM 0.0618 
TMUDA – MDEA 0.0635 
TMBPDA – MDEA 0.0660 
Polyethylene 0.1426 
Polypropylene 0.1426 
 
VI. Continuing Studies 
Further research into novel compounds will consist of incorporating t-butyl groups and 
other high hydrogen motifs into the structure of the dianhydride monomers while avoiding steric 
constraints and retaining high thermal stability in the resulting polymers.  Synthesized 
dianhydrides will also be polymerized with novel diamines to maximize the hydrogen content of 
the basic aromatic poly(ether imide). 
 The large scale production of these polymers will be combined with pressing techniques 
to create plaques suitable for radiation testing at the NASA Space Radiation Laboratory, which 
will simulate the GCR experienced in space. 
 
 
 
 
 
Table 3 – Polymer Hydrogen Contents 
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Appendix A 
 
Abbreviation Name Structure 
TBD 4,4'-(4-(tert-butyl)cyclohexane-
1,1-diyl)bis(2,6-
dimethylphenol) 
 
TBDDA 5,5'-(((4-(tert-
butyl)cyclohexane-1,1-
diyl)bis(2,6-dimethyl-4,1-
phenylene))bis(oxy))bis(isoben
zofuran-1,3-dione) 
 
TBDDA-TC 4,4'-(((4-(tert-
butyl)cyclohexane-1,1-
diyl)bis(2,6-dimethyl-4,1-
phenylene))bis(oxy))diphthalon
itrile 
 
TMBPP 4,4'-(1,4-phenylenebis(propane-
2,2-diyl))bis(2,6-
dimethylphenol) 
 
TMBPDA 5,5'-(((1,4-
phenylenebis(propane-2,2-
diyl))bis(2,6-dimethyl-4,1-
phenylene))bis(oxy))bis(isoben
zofuran-1,3-dione)  
 
TMBPDA-TC 4,4'-(((1,4-
phenylenebis(propane-2,2-
diyl))bis(2,6-dimethyl-4,1-
phenylene))bis(oxy))diphthalon
itrile  
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TMBPA 4,4'-(propane-2,2-diyl)bis(2,6-
dimethylphenol) 
 
TMUDA 5,5'-((propane-2,2-diylbis(2,6-
dimethyl-4,1-
phenylene))bis(oxy))bis(isoben
zofuran-1,3-dione)  
TMUDA-TC 4,4'-((propane-2,2-diylbis(2,6-
dimethyl-4,1-
phenylene))bis(oxy))diphthalon
itrile  
BAM 4,4'-(1,3-phenylenebis(propane-
2,2-diyl))dianiline 
 
BAP 4,4'-(1,4-phenylenebis(propane-
2,2-diyl))dianiline H2N
NH2
 
MDEA 4,4'-methylenebis(2,6-
diethylaniline) 
 
MTB 4,4'-methylenebis(2,6-di-tert-
butylphenol) 
 
ETB 6,6'-(ethane-1,1-diyl)bis(2,4-di-
tert-butylphenol) 
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TMBPDA-
BAM 
 
 
TMBPDA-
MDEA 
 
 
TMBPDA-
BAP 
 
 
TMUDA-
BAM 
 
 
TMUDA-
BAP 
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TMUDA-
MDEA 
 
 
Kapton  
 
UIPLEX - R  
 
UDA-BAM  
 
Polyethylene  
 
Polypropylene  
 
 
 
 
